Introduction
Sulfur heterocycles are important building blocks of various chemical products, including organic thin-film transistors 1,2 , metal extracting reagents 3, 4 , or bioactive and medicinally relevant compounds [5] [6] [7] [8] . Consequently, methodological aspects related to the formation of organosulfur heterocyclic rings have attracted much attention. For the synthesis of sulfur-containing heterocycles usually metal sulfides, thioesters, or thioethers are employed as starting materials, and first-or second-row transition-metal complexes serve as catalysts. To achieve C-C [9] [10] [11] [12] or C-S [13] [14] [15] [16] [17] [18] [19] [20] coupling involved in the ring closure process, activation of C-H [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , C-X (X = Br or I) 15, 18, 20 or C-S 14,17 bonds is a prerequisite. While gas-phase investigations proved helpful to obtain mechanistic aspects for numerous processes, except for a few reports on the formation of sulfur heterocycles in the gas phase 21 , a more detailed understanding of the elementary steps is lacking.
In a previous study on the reactions of atomic Ln + with chlorobenzene 22 , strong indications have been found that Ho + generates efficiently the insertion product Ho(C 6 H 5 )(Cl) + which then promotes HCl elimination in a secondary reaction with chlorobenzene; further, intriguing coupling processes have been observed in preliminary studies on consecutive reactions of Ln + with chlorobenzene and thiosanisole in which Ho + exhibited the highest efficiency. Thus, we explored these reactions in more detail, and here we describe a gas-phase approach of sequential C-C and C-S coupling to generate dibenzothiophene by using thioanisole and chlorobenzene as substrates and exploiting atomic Ho + as a catalyst.
Gas-phase studies employing atomic catalysts 23 recently regained interest 24 in the context of "single-atom catalysis" 25 .
C-S bond activation is involved in all three channels; in addition, C-H bond activation takes place in reactions (1) and (3), respectively. Structural information on the cationic product ions as well as mechanistic aspects of these processes were obtained from DFT calculations. The potential-energy surfaces (PESs) together with structural data of the associated intermediates and transition structures are shown in Fig. 1 Selected bond lengths are given in Å; for the sake of clarity, charges are omitted. , the branching ratio of reaction (6) increases up to 27%, while the branching ratios of reaction (4) and (5) decrease to 63% and 10%, respectively.
The assignment of the [C 12 ,H 8 ,S] unit as a dibenzothiophene ligand (C 6 H 4 SC 6 H 4 ) in the product ion of reaction (4) as well as for the neutral molecule of reaction (6) , respectively. The PESs and the structural information of the associated intermediates and transition structures for the two pathways are shown in Fig. 3 , and the encounter complex 9 serves as a common starting point. The TS for the Ho-S bond cleavage (TS9/10) is much higher in energy relative to the entrance channel as well as to the alternative Ho-C bond cleavage proceeding via TS9/11 (61.7 kJ/mol versus -17.5 kJ/mol), i.e. dehydrochlorination is accessible under thermal conditions only via path (b) (9 → TS9/11 → 11); therefore, it is only this route which has been considered further in the calculations of the subsequent reaction steps. The reason for the much higher barrier of the Ho-S bond cleavage (TS9/10) as compared to the Ho-C bond (TS9/11) is probably related to the stronger Ho-S bond compared to the Ho-C bond reflecting electronegativity differences between sulfur and carbon; unfortunately, the respective bond-dissociation energies are After having formed 12, the next step corresponds to the construction of the thiophene ring; there are two variants in regard to the loss of HCl which can occur before or after the ring closure. The direct formation of the thiophene ring proceeds via TS12/18 to form 18, and subsequent elimination of HCl generates 19; alternatively, direct liberation of HCl from 12 gives rise to 17 which subsequently rearranges via TS17/19 to the complex 19 (see Fig. 4) ; both processes are accessible at thermal conditions. Thus, according to the calculation, the observed ionic product Ho(C 6 thioanisole and chlorobenzene at the same time in a "one-pot synthesis" allows for additional side reactions as Ho + can react with both precursors. Moreover, Ho(C 6 H 4 S) + can also react further with thioanisole to give higher order products. Thus, timing of the interaction of the catalyst with the two substrates needs to be well designed to improve the efficiency of the coupling process.
Conclusion
In this work, we present a novel gas-phase coupling of thioanisole and chlorobenzene to dibenzothiophene catalyzed by "bare" holmium cation Ho + and we address mechanistic aspects by DFT calculations and labeling experiments. The coupling is achieved via a two-step reaction: the first one corresponds to the reaction of Ho however, is also engaged in side reactions with both substrates. Similar to heterogeneous catalysis, external energy is required to release the coupling product from the catalyst.
